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During Drosophila embryonic CNS development, the sequential neuroblast (NB) expression of four proteins, Hunchback
(Hb), Pou-homeodomain proteins 1 and 2 (referred to collectively as Pdm), and Castor (Cas), identifies a transcription factor
network regulating the temporal development of all ganglia. The Zn-finger proteins Hb and Cas, acting as repressors, confine
Pdm expression to a narrow intermediate temporal window; this results in the generation of three panneural domains whose
cellular constituents are marked by expression of Hb, Pdm, or Cas (R. Kambadur et al., 1998, Genes Dev. 12, 246–260).
Seeking to identify the cellular mechanisms that generate these expression compartments, we studied the lineage
development of isolated NBs in culture. We found that the Hb, Pdm, and Cas expression domains are generated by
transitions in NB gene expression that are followed by gene product perdurance within sequentially produced sublineages.
Our results also indicate that following Cas expression, many CNS NBs continue their asymmetric divisions generating
additional progeny, which can be identified by the expression of the bHLH transcription factor Grainyhead (Gh). Gh appears
to be a terminal embryonic CNS lineage marker. Taken together, these studies indicate that once NBs initiate lineage
development, no additional signaling between NBs and the neuroectoderm and/or mesoderm is required to trigger the
temporal progression of Hb 3 Pdm 3 Cas 3 Gh expression during NB outgrowth.
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SINTRODUCTION
During Drosophila neurogenesis the CNS stem cells are
ingled out from adjacent neuroectodermal cells by a cas-
ade of regulatory events involving both cell intrinsic and
ell extrinsic signals (for reviews see Campos-Ortega, 1995;
keath, 1999). Commencing soon after gastrulation these
tem cells, the neuroblasts (NBs), exit the neuroectoderm
nd initiate lineage development in the subectodermal
roliferative zone. During lineage development NBs cycle
hrough a series of 5–10 asymmetric divisions, producing a
anglion mother cell (GMC) with each event. Each GMC
ivides once to yield either neurons or glia (for review see
uerstenberg et al., 1998). Underpinning the formation of
B lineages are spatially and temporally regulated tran-
cription factor networks that play pivotal roles in estab-
ishing the unique cellular identities of NBs and their
1 To whom correspondence should be addressed. Fax: (301) 496-
p1339. E-mail: ward@codon.nih.gov.
34rogeny. For example, previous work by others (see review
y Arendt and Nu¨bler-Jung, 1999) has shown that prior to
B delamination, during the initial specification of NBs,
wo spatially regulated transcription factor networks sub-
ivide the ventral neuroectoderm along its anterior/
osterior (A/P) x axis and dorsal/ventral (D/V) y axis.
utational analysis reveals that the integrated D/V and
/P networks function to determine the unique identity of
ach NB prior to its entry into the subepidermal prolifera-
ive zone (Chu et al., 1998; McDonald et al., 1998; Weiss et
l., 1998; Bhat and Schedl, 1997). Later, during NB lineage
evelopment, at least one additional network, acting over
everal hours, gives rise to sequentially formed multilay-
red basal (inner or dorsal) to apical (outer or ventral)
euronal subpopulations (Kambadur et al., 1998).
Along the basal/apical z axis, neuronal subpopulations in
ll ganglia can be identified by their expression of the
ranscription factors Hunchback (Hb) (Tautz et al., 1987;
tanojevic et al., 1989; Treisman and Desplan, 1989), POU
roteins Pdm-1 and -2 (Yang et al., 1993; Bhat and Schedl,
0012-1606/00 $35.00
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35Transitions in Neuroblast Gene Expression1994), or Castor (Cas) (Mellerick et al., 1992; Cui and Doe,
1992). Hb marks a deeper, basally distributed population of
neurons that are born early, Cas marks a superficial, api-
cally distributed population of neurons that are born late,
and Pdm-1 and -2 mark an intermediate population arrayed
between the Hb- and the Cas-expressing cells. Both genetic
and molecular analysis indicates that two Zn-finger pro-
teins, Hb and Cas, act as repressors to silence pdm-1 and -2
expression. By restricting pdm expression primarily to
intermediate-born neuronal precursors these structurally
different Zn-finger proteins help establish three pan-CNS
neural subpopulations whose cellular constituents are
marked by the expression of Hb, Pdm, or Cas (Kambadur et
al., 1998).
Previous work has shown that not all NBs delaminate
from the neuroectoderm at the same time, but that these
delaminations occur in sequential waves over 3.5 h (Harten-
stein and Campos-Ortega, 1984). To what extent are the z
axis expression domains generated successively by invari-
ant gene expression programs that are maintained in differ-
ent NBs versus sequential gene expression programs within
sublineages of single NBs?
A NB lineage consists of the total cellular output
generated from a single NB, and a sublineage represents a
distinct subpopulation of cells generated sequentially
within a lineage that can be detected by a shared pattern
of gene expression. A number of different neural fate-
determining genes, termed sublineage genes, are ex-
pressed at specific points during lineage development
(reviewed by Goodman and Doe, 1993). The idea that NBs
undergo cell identity program transformations during the
development of their lineages has its origin in the anal-
ysis of gene expression in different NB lineages. For
example, hb and cas exhibit temporally different CNS
xpression dynamics. In early delaminating S1 and S2
Bs, hb expression is detected just after their arrival to
he proliferative zone, while cas expression is activated
n many of these NBs only midway through their lineage
evelopment (Kambadur et al., 1998; Cui and Doe, 1992).
owever, in many, if not all, late delaminating S3 and S4
Bs, only cas and not hb is expressed. In addition,
nalysis of cell cycle control genes reveals that for many
Bs the correct temporal activation of their sublineage
ene expression programs is linked to NB mitotic events.
or example, early delaminating NBs must undergo cy-
okinesis to activate cas expression, whereas late delami-
ating NBs activate cas expression prior to cell cycle
rogression (Cui and Doe, 1995).
To better understand the temporal transitions in gene
xpression programs that take place during NB lineage
evelopment we have used cell culture techniques. Under
he conditions imposed by cell culture, isolated NBs and
heir clonal descendants are separated from the neuroecto-
erm, mesoderm, and adjacent NB lineages. NBs adhere to
lass, allowing for the preparation of highly enriched NB
ultures in which lineage development can be observed in
solation (Furst and Mahowald, 1985). Previous studies
Copyright © 2000 by Academic Press. All rightxamining cultured Drosophila NBs have revealed that the
omplete progression from NBs to neurons occurs in cul-
ure with many of the clonal descendents possessing neu-
ite processes and staining positively for neuronal-specific
ntigens (Luer and Technau, 1992). In addition, cultured
Bs have been used to demonstrate the role of Inscuteable,
rospero, and Staufen in the generation of asymmetric
rotein localization in NBs (Broadus and Doe, 1997). The
ppearance of both serotonergic and dopaminergic neurons
n cultures demonstrates the extent of in vitro neural
ifferentiation (Huff et al., 1989).
Here, we expand this body of work by demonstrating that
n culture, isolated NBs transition through the same tem-
oral transcription factor expression windows during in
itro lineage development that they do in the embryo. We
ave found that Pdm-1 and Cas are detected in cells born,
espectively, during intermediate and late rounds of NB
ivisions, while the first-born progeny of many of these
ame NBs express Hb. As in the embryo, near the end of
heir asymmetric divisions, NBs and their late born progeny
xpress the bHLH transcription factor Grainyhead (Gh).
ur studies indicate that NB lineage development, particu-
arly sublineage development in S1 and S2 lineages, is
ccompanied by a series of sequential gene expression
ransformations within NBs, followed by perdurance of the
ene product in many of the progeny born during a given
xpression window. These cell culture studies also indicate
hat cell–cell signaling between the NB and the neuroecto-
ermal or mesodermal cells is not required for these tem-
oral changes in gene expression. Once specified (in part, by
he D/V and A/P axis networks) NBs progress through a
equential series of z axis gene expression transitions; these
ransformations in cell identity programs successively gen-
rate uniquely specified sublineages. Our studies also pro-
ide evidence that other CNS regulatory networks, which
unction outside the Hb 3 Gh z axis network, maintain
imilar, if not identical, in vitro/in vivo expression dynam-
cs. For example, the regulatory networks controlling the
xpression of the homeobox genes prospero and Ubx also
ive rise to in vitro-generated NB sublineages marked by
hese transcription factors.
MATERIALS AND METHODS
Embryo Cell Culture
In vitro NB lineages were prepared by culturing NBs obtained
from single-cell suspensions of mechanically disrupted 4.5- to
5-h-old embryos using the method of Furst and Mahowald (1985) as
modified by Broadus and Doe (1997). Briefly, embryos were col-
lected from Oregon R females that were maintained in large
families using standard Drosophila husbandry techniques (Ash-
burner, 1989). To enrich for developmentally synchronized em-
bryos, females were purged of older embryos by performing half-
hour precollections with freshly yeasted grape agar plates.
Following a half-hour collection, embryos were aged for 4.5 h at
25°C, transferred to collection sieves, and dechorionated for 3 min
in 100% Clorox. After rinsing in embryo wash buffer (0.7% NaCl,
s of reproduction in any form reserved.
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36 Brody and Odenwald0.04% Triton X-100), embryos were treated for 5 min with 100%
ethanol and then transferred to Schneider’s cell culture medium
(Gibco BRL) and maintained at 4°C until cultured. Approximately
0.2 ml of settled (bed volume) dechorionated embryos was me-
chanically disrupted in a 7-ml Dounce homogenizer (Wheaton)
with 8 strokes of the loose-fitting B pestle. After homogenization,
debris and cell clumps were removed by filtration through a 30-mm
mesh Nytex screen. The cells were then pelleted and resuspended
three times by centrifugation (130g in a refrigerated IEC centrifuge
or 5 min) followed by vigorous pipetting in Schneider’s medium
upplemented with 5% heat-inactivated fetal bovine serum (Gibco
RL) and 13 PNS antibiotic mix (Gibco BRL). Immediately follow-
ng the final wash, cell suspensions were exposed to additional
igorous pipetting using a Gilson Pipetman to achieve single-cell
uspensions. After microscopic examination to monitor mechani-
al disruption and cell counting, 0.1 ml of the dispersed cell
uspension containing ;100,000 cells was placed on the center of
clean sterile glass coverslip (No. 1, 12 mm square; Clay Adams)
nd incubated in a 30-mm Falcon plastic petri dish in 95% air, 5%
O2 at 25°C for 30 min. Complete Schneider’s medium (1.9
l/plate) was then added to the petri dish. The medium in the dish
as then agitated by rocking back and forth to disperse nonadher-
nt cells from the region covered by the initial 0.1-ml cell suspen-
ion. After culturing for 0.5, 1, 2, 3, 3.7, or 18 h at 25°C, coverslips
ere processed for immunostaining.
Immunohistochemistry
Fixation of cultured cells was accomplished by placing cover-
slips in 10% paraformaldehyde (Electron Microscopy Science) with
0.1 M phosphate-buffered saline (PBS), pH 7.4, for 30 min at room
temperature. To inhibit nonspecific binding of antibodies, after
removal of the fixative by three 5-min washes with PBS containing
0.1% Tween 20 (PBT), blocking treatments using 0.2% BSA in PBT
were used prior to the addition of both primary and secondary
antibodies. The immunostaining protocol was based on a procedure
developed by Patel (1994), using the Vectastain ABC second anti-
body avidin/biotin HRP visualization reagents (Vector Laborato-
ries) for light microscopy. Final dilutions for anti-Cas mouse and
rabbit sera were 1:500 and 1:10,000, respectively. Affinity-purified
rabbit anti-Pdm-1 antibody (Cockerill et al., 1993) was used at a
:45 dilution and the rat anti-Hb (a gift from P. Macdonald) was
sed at 1:20,000. The mouse anti-Ubx monoclonal was used at 1:20
White and Wilcox, 1985) and mouse monoclonal anti-Grainyhead
ntibody was used at a 1:5 dilution (Bray et al., 1989). Stained
overslips were mounted on microscope slides by inverting them in
pool of 70% glycerol buffered PBS and slides were viewed and
hotographed using a Nikon Optiphot microscope equipped with
IC/Nomarski optics for light microscopic examination. For im-
unofluorescence confocal microscopy, FITC-, Cy3-, or Cy5-
onjugated secondary antibodies (Jackson Laboratories) were used
ccording to the manufacturer’s instructions. Images were col-
ected with a Zeiss LSM 410 laser scanning microscope, equipped
ith a krypton/argon laser, and viewed in Adobe PhotoShop.
here appropriate, the contrast of fluorescent images was en-
anced with PhotoShop prior to printing. To assess in vivo embry-
nic expression dynamics, whole-mount immunostainings and
mbryo dissections were carried out according to protocols de-
cribed in Kambadur et al. (1998).
Copyright © 2000 by Academic Press. All rightRESULTS
CNS NBs Sequentially Generate Hb-, Pdm-, and
Cas-Expressing Sublineages in Vitro
As an initial step toward understanding the nature of the
temporal components regulating the CNS z axis network
e sought to determine if the sequential expression of Hb,
dm-1, and Cas would occur during NB lineage develop-
ent in vitro. To do this, we cultured NBs from 4.5- to 5-h
(stage 8) embryos using the mechanical disruption and NB
enrichment procedure of Furst and Mahowald (1985) as
modified by Broadus and Doe (1997) (see Materials and
Methods). At stage 8, most if not all of the early delaminat-
ing S1 and S2 NBs have entered the subepidermal prolifera-
tive zone and express Hb. Hb expression is restricted to the
early S1 and S2 delaminated CNS NBs and to many of their
first-born GMCs (for in vivo Hb expression dynamics dur-
ing CNS development see Kambadur et al., 1998). Previous
studies have demonstrated that the largest diameter cells to
adhere to a glass culture surface from mechanically dis-
rupted 4.5-h-old embryos are NBs (Mahowald, 1994). After
0.5 h of culture, immunostaining with anti-Hb antibody
confirmed the presence of isolated Hb-expressing NBs and
some were observed with closely associated GMCs (Fig. 1A,
upper inset). During cytokinesis, GMCs that contained
greater Hb immunostaining intensity relative to their NBs
were also detected in early cultures (Fig. 1A, lower inset).
Overnight (o/n) 18-h-old cultures contained many iso-
lated NB lineages that frequently displayed a characteristi-
cally polarized structure of cell expansion and neurite
development (Figs. 1 and 2). Typically, cells with large
flattened cell bodies and extensive neurite development
were positioned at one end of the clone (Figs. 1 and 2).
Juxtaposed to these neuronal-like cells were the remaining
closely associated clonal members, which had more com-
pact, rounded cell bodies. In addition, many o/n clones
displayed a stereotypic three-dimensional geometry with
their largest rounded cell, presumably the NB, positioned
on top of its progeny, above the glass surface. Interestingly,
this “grape cluster” like clonal array resembles the general
architecture of in vivo CNS NB lineage columns described
by Bossing et al. (1996), Schmidt et al. (1997), and Schmid et
al. (1999).
In order to avoid any ambiguity with regard to the
possibility that non-clonally derived cell clusters would be
analyzed, all results reported here came from isolated
clones bearing these representative morphological features.
Also, where applicable, only Castor-expressing clones were
examined to avoid the possibility that non-CNS lineages
would be studied. Cas expression is restricted to the CNS
(Mellerick et al., 1992; Cui and Doe, 1992); the other
transcription factors examined in this study were not simi-
larly restricted. Confirming that S1 and S2 CNS NBs would
generate in vitro lineages under our culture conditions, the
average number of cells in Cas-positive clones was found to
increase with culture time (see below).
s of reproduction in any form reserved.
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37Transitions in Neuroblast Gene ExpressionImmunolocalization of Hb, Pdm-1, and Cas reveals a
consistent pattern of distribution for these transcription
factors within in vitro NB lineages (Figs. 1 and 2). Previous
studies have demonstrated that the closely linked pdm
genes (1 and 2) have identical expression patterns during
CNS development (Yeo et al., 1995); thus attention was
focused on Pdm-1 expression as well as on Hb and Cas. We
found that most, if not all, of the cells within a NB clone
that express any one of the transcription factors were
observed in close apposition to other cells expressing the
same factor; this suggests that cells within a transcription
factor expression cluster may be descendants of consecu-
tively born GMCs (Figs. 1 and 2). In addition, immunostain-
ings of progressively older cultures revealed that when a
particular transcription factor was first detected in NB
clones it was found in the largest diameter cell, the clone’s
putative NB. For example, when Cas is first activated in NB
clones (after 3 h of culture) it is consistently found in the
putative NB and not in adjacent smaller diameter cells (Fig.
1B, left inset). However, in older cultures, Cas-positive NBs
were frequently observed adjacent to or surrounded by
FIG. 1. Temporal progression of transcription factor expression i
0.5 h of culture Hb is expressed in NBs and GMCs (see insets); ho
subset of cells, a fraction of which possess neurites. (B) Cas expres
cells clustered within the clone. Note that several Cas-positive c
possessing neurite projections are Cas negative. While no Cas expres
of culture (inset) Cas expression is activated in NBs and is also det
overnight culturing, Gh is frequently found in the clone’s putative n
clone from cells bearing neurites. (D) Overnight NB clones contain
Shown is an overnight culture that has been immunostained for
progeny do not express any of the three transcription factors. (E) Gh
juxtaposed to Cas-expressing cells (green) and not Hb-positive celln isolated neuroblast clones cultured in vitro. (A) Hb expression. After
wever, after overnight culturing Hb immunoreactivity is detected in a
sion. After overnight culturing Cas is detected in a clustered subset of
ells are above the focal plane. Also note that the large cells and cells
sion was detected in the 0.5-h-old NB cultures (data not shown), at 3.5 h
ected in a subset of progeny (data not shown). (C) Gh expression. After
euroblast and in flanking progeny positioned at the opposite end of the
subsets of cells positive for Hb (blue), Pdm-1 (green), and/or Cas (red).
Hb, Pdm-1, and Cas. Note that the putative NB (arrow) and adjacent
-immunopositive cells in overnight NB clones (red) are frequently foundsmaller Cas immunopositive cells (Fig. 1B). Taken together,
Copyright © 2000 by Academic Press. All rightFIG. 2. Nuclear Prospero is found in a subset of cells in
overnight clones. (A) Phase-contrast view of a CNS clone
after 18 h of culture. (B) The clone is stained to reveal Pros
(red), Hb (blue), and Cas (green). Nuclear Pros is frequently
observed in cells coexpressing Cas. The large putative Cas1 NB
adjacent to Cas/Pros coexpressing cells (yellow) exhibits cyto-
plasmic Pros.
s of reproduction in any form reserved.
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38 Brody and Odenwaldthe simplest explanation of the onset and pattern of tran-
scription factor expression in the in vitro lineages suggests
that each factor is expressed first in the NB and then
maintained in the progeny born during that particular
temporal window of NB expression.
To assess whether the in vitro temporal expression pro-
files of Hb, Pdm, and Cas reflect their in vivo expression
dynamics, we determined the average number of cells per
clone that were expressing these transcription factors in
increasingly older cultures. We found that after 1 h in
culture, the number of Hb1 and Pdm1 cells per clone was
lose to the overnight values (Tables 1 and 2), while Cas1
cells were not found in Hb1 clones after 1 h in culture. The
number of large-diameter Hb1 cells, presumably the NB, in
b-positive clones drops from an average of 0.55 per clone
t 1 h of culture to 0 after 3.7 h (Table 1). While the number
f large-diameter Pdm1 cells reaches a maximum of 0.76
er clone at 2 h in culture, it drops to 0.31 by 3.7 h (Table 1).
fter 2 h of culture, equivalent to 6.5 to 7 h of in vivo
evelopment, Cas1 NBs adjacent to smaller Cas1 putative
MCs are observed. At this time, there are 2.0 Cas1 cells
er Cas1 clone, while at 3.7 h, there are an average of 3.6
as1 cells per Cas1 clone; 27% of cells in these clones are
Cas1, the same percentage as overnight. Taken together,
ur analysis of the in vitro expression of these factors in
early cultures suggests that the temporal dynamics of their
expression reflects that seen in vivo, with Hb NB expres-
sion peaking early, followed by a peak in Pdm NB expres-
sion. Expression of Cas in NBs appears as levels of Hb and
Pdm NB expression decline. In these cultures, we also
observed overlap in Hb and Pdm expression (Table 1). In
vivo coexpression of Hb and Pdm has also been detected,
albeit at a low frequency (Kambadur et al., 1998). Our
statistical analysis of the total numbers of cells per clone
suggests that in culture NBs divide approximately once
every 20 to 35 min to generate approximately 6 GMCs and
TABLE 1
Hunchback and Pdm Expression in Young Clones
Time in culture
1 h 2 h 3.7 h
Average clone size
(clones examined)
6.9 (60) 12.3 (46) 11.7 (22)
utative NB
Hb1/Pdm2 0.20 0.13 0.0
Hb1/Pdm1 0.35 0.28 0.22
Hb2/Pdm1 0.39 0.48 0.09
Hb2/Pdm2 0.06 0.11 0.69
Descendents
Hb1/Pdm2 0.93 1.00 0.69
Hb1/Pdm1 1.02 1.15 1.90
Hb2/Pdm1 1.03 1.00 1.23
Hb2/Pdm2 2.93 8.15 6.88consequently 12 neural progeny after 3.5 h in culture. While
Copyright © 2000 by Academic Press. All rightmost of the cellular expansion within clones takes place
during the first 3.7 h of cell culture, development of
neurites is not apparent at this time.
In order to analyze the capacity of individual NBs to
generate a full repertoire of Hb-, Pdm-1-, or Cas-expressing
sublineages, o/n cultures were simultaneously immuno-
stained for all three factors and the percentage of cells
within a clone that were positive for each factor (Fig. 1D
and Table 2) was subsequently determined. Not all clones
contained cells expressing each of the transcription factors.
We found no relationship between transcription factor
expression and clonal size, suggesting that clone size is
most likely related to the division potential of the NB and
not related to the expression of any particular transcription
factor. The majority of clones containing Cas-expressing
cells also contain additional NB descendants marked by the
expression of Hb or Pdm-1. Our triple-immunolabeling
studies reveal that clones expressing only Cas are the
exception. Approximately 30% of Cas1 clones have no
b-expressing cells, while approximately 20% of Cas1
clones do not contain Pdm-1-positive cells. In Cas1 clones,
the proportion of Cas1 cells is 25%, while the proportions
of Hb1 and Pdm1 cells in Cas1 clones are 9.2 and 17%,
espectively (Table 2). In addition, albeit at a low frequency,
ingle large-diameter cells within clones, putative NBs,
ere detected in young 3-h-old cultures coexpressing Hb
nd Pdm and in o/n clones coexpressing Pdm-1 and Cas
Table 1 and data not shown). However, as in the embryo
Kambadur et al., 1998), immunostainings failed to detect
b/Cas coexpressing cells in overnight cultures. Taken
ogether our results indicate that many isolated S1 and S2
Bs, when maintained in culture, will generate neuronal
escendants that are marked by Hb, Pdm, or Cas expres-
ion. Given that Hb and Cas are repressors of pdm gene NB
xpression, these observations also suggest that the over-
apping Hb/Pdm and Pdm/Cas expressions both in vivo
Kambadur et al., 1998) and in culture represent transition
tates in NB gene expression windows.
TABLE 2
Transcription Factor Expression in Castor-Positive
Overnight Clones
Transcription
factor
Number of clones
examined
% positive
clonesa
Average clone
size
Cas 160 100 (25%) 19.1
Hb 90 67 (15%) 18.0
Pdm 34 82 (21%) 16.8
Gh 58 64 (14%) 19.7
Ubx 39 67 (41%) 16.8
Pros 15 93 (15%)b 14.5
a Number in parentheses is the % positive cells per clone of the
ndicated transcription factor.
b Pros is expressed in all Cas1 clones, but the data reflect only
nuclear Pros in overnight clones, and a low frequency of Cas1clones do not have cells exhibiting nuclear Pros.
s of reproduction in any form reserved.
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39Transitions in Neuroblast Gene ExpressionClonal analysis of in vivo NB lineages has shown that
many of the early S1 and S2 ventral cord NBs generate
lineages whose closely associated clonal members are ar-
rayed primarily in apical 3 basal cell columns, with many
f their first-born motoneurons residing on the basal surface
f the neuromeres (Bossing et al., 1996; Schmidt et al.,
997; Schmid et al., 1999). Since Hb-positive GMCs and
eurons represent a large proportion of the first progeny to
e generated from dividing NBs, the position of Hb-positive
ells within cultured clones and the association of neurites
ith these cells were examined. We quantitated the num-
er of cells in each clone bearing long axon-like neuronal
rojections. To be counted, such a projection has to extend
wice the diameter of the cell away from the cell. We
xamined 50 o/n clones bearing these large neurites, scoring
he number of Hb1 vs Hb2 cells expressing neurites. This
articular study examined all clones and not just Cas1
clones; consequently the results might have been biased by
the presence of non-CNS Hb1 clones. However, each clone
valuated bore characteristics typical of the Cas1 clones
escribed previously. Of 678 cells examined in 50 clones,
7% bore neurites. Hb1 cells accounted for 45% of all
eurite-bearing cells in these 50 clones. Roughly 64% of
b1 cells bore extensive neurite development. The Hb1
cells were not distributed randomly through the clones but
were distributed asymmetrically at the edges of clones.
Despite the fact that we have no anatomical or functional
tests for the identity of these neurite-bearing cells, the
presence of Hb1 cells bearing neurites at one end of the
lone suggests that a sizeable proportion of these cells may
e neurons. We also examined the cellular morphology of
dm1 cells in Cas1 clones and found that approximately 1/3
of Pdm1 cells bore neurites. However, very few Cas1 cells
re found with extensive neurite production (an example of
ne with a short neurite is found in the clone shown in Fig.
B). Cas1 cells are not devoid of neurite production, but
more often than not these neurites are short with many
spines which bear resemblance to dendrite arborizations
(data not shown). Given the late onset of Cas expression in
clones, it is quite possible that these neuronal-type cells are
in the process of initiating neural outgrowth.
Gh Expression Is Activated during Late NB
Lineage Development in Vitro
Our triple-immunolabeling studies revealed that many of
the o/n NB clones contained a subset of cells that did not
contain detectable levels of Hb, Pdm-1, or Cas. In many of
these in vitro lineages the putative NB was also unstained
Fig. 1C). Previous work, by others, has shown that the
HLH transcription factor Gh is expressed in CNS NBs but
nly after stage 14 (Bray et al., 1989). In view of the late
nset of Gh expression in NBs and the triple-staining
esults identifying cells in o/n clones that did not express
b, Pdm-1, or Cas, we hypothesized that these negative
ells may represent an additional late NB expression win-
ow marked by Gh expression. To test this hypothesis, the C
Copyright © 2000 by Academic Press. All rightpatial/temporal expression dynamics of Gh were compared
o other members of the z axis network. Similar to its late
ctivation during in vivo development, Gh expression was
bserved only in o/n cultures (Fig. 1D); when more than one
h-positive cell was detected in a clone they were consis-
ently found clustered together (Figs. 1C and 1E and data
ot shown). We found that 2/3 of the Cas1 clones had at
east one Gh1 cell and that the average number of Gh1 cells
in all clones is 2.3 (see Table 2). Approximately 2/3 of the
Gh1 clones contained Hb-immunopositive cells. While no
Hb–Gh coexpressing cells were observed, approximately
20% of the Gh1 cells also expressed Cas (Table 2). Given
he late onset of Gh expression in both the embryo and the
ultured NB clones and the overlapping Cas and Gh expres-
ion, it is likely that Gh marks a fourth temporal window
or NB transcription factor expression. In addition, because
here was an average of more than one cell in an o/n clone
hat was immunopositive for Gh, it is likely that Gh is also
xpressed/maintained in a sublineage(s) born after the one
arked by Cas expression.
Cell Fate-Determining Factors That Are Not Part
of the Hb 3 Gh Network Also Display in Vivo
Temporal Expression Dynamics in Culture
The observation that the sequential transcription factor
NB expression in culture mimics its in vivo expression
dynamics prompted us to determine if other cell-identity
regulators, whose expression is not regulated by this z axis
etwork, would maintain their in vivo temporal lineage
xpression dynamics in culture. To assess this, we followed
he expression of two transcription factors having different
patial/temporal expression dynamics during CNS lineage
evelopment: the homeodomain proteins Prospero (Pros)
Doe et al., 1991; Vaessin et al., 1991) and Ultrabithorax
Ubx) (White and Wilcox, 1985).
During CNS development, Pros protein is first detected
n a cortical distribution in the cytoplasm of delaminated
Bs (Ikeshima-Katoaoka, 1997; Shen, 1997) followed by
uclear localization in GMCs (Hirata et al., 1995; Knoblich
t al., 1995; Spana and Doe, 1995). pros mutants fail to
stablish GMC-specific gene expression and show defects
n neuron axon outgrowth (Doe et al., 1991; Vaessin et al.,
1991). To follow the dynamics of Pros, Hb, and Cas expres-
sion in both early and late cultures, triple immunostains
were performed (Fig. 1 and data not shown). Similar to its in
vivo expression dynamics Pros was expressed in putative
NBs throughout the culture period. In 3-h-old cultures,
except for the clone’s putative NB, which maintained Pros
in the cytoplasm and along the cell cortex, the majority
(60%) of Hb1 cells exhibited nuclear Pros (25 clones exam-
ined, average clone size 6.8 cells/clone) (data not shown). In
addition, cytoplasmic Pros was found not only in the
clone’s putative NB but also in smaller cells (Fig. 2; other
data not shown). There were an average of 1.6 Hb1 cells per
clone and 2.2 Pros1 cells per clone (nuclear staining).ontrasting the early Pros–Hb coexpression pattern, and in
s of reproduction in any form reserved.
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40 Brody and Odenwaldagreement with the observation that Pros is down regulated
in early in vivo sublineages (Spana and Doe, 1995), exami-
nation of o/n clones revealed no Pros–Hb coexpression. In
addition, cells in o/n clones positive for nuclear Pros were
rarely found adjacent to Hb1 cells and were frequently
found at the opposite end of the clone separated from cells
bearing extensive neurite production (Fig. 2 and data not
shown). An exception to this is found in Fig. 2 in which a
single cell exhibiting nuclear Pros is adjacent to two Hb1
cells. Approximately 1/3 of Pros1 cells in o/n NB clones
coexpressed Cas (Table 2).
To determine if other spatial/temporal regulatory net-
works, different from those controlling the expression of
the z axis factors or Pros, also are controlled in a lineage-
autonomous manner, we next compared the in vivo/in vitro
NB lineage expression dynamics of Ubx (Fig. 3 and Table 2).
Ubx is expressed in thoracic and abdominal NBs and their
descendents (Hirth et al., 1998; Prokop et al., 1998). Because
Ubx is not globally expressed in the CNS, nor is it distrib-
uted in lamina as is Hb, the Pdms, and Cas, we sought to
compare the Ubx in vitro distribution with that of two
components of the z axis network, Hb and Cas. Since Ubx
s also expressed in the PNS, we examined Ubx in Castor-
xpressing clones in order to confine our study to CNS
ineages. Ubx is expressed in approximately 2/3 of Cas1
clones. The average size of Ubx1 clones is the same as Ubx2
clones, but 41% of the cells in Ubx1 clones express Ubx;
there are approximately 7 Ubx1 cells in Ubx1 clones (see
able 2). Overnight clones were examined for coexpression
f Hb, Ubx, and Cas. Figure 3 shows two representative
lones from an o/n culture. The upper clone contains
everal Hb–Ubx double-positive cells and the lower clone
ontains two Cas–Ubx double-positive cells. Two-thirds of
bx1 clones are also Hb1. Approximately 30% of Cas1 cells
coexpress Ubx; similarly, 1/3 of Hb1 cells coexpress Ubx.
hus, although there is considerable overlap of Ubx-
FIG. 3. Ultrabithorax is expressed in subsets of cells in clone
mmunostained to reveal Ubx- (red), Hb- (blue), and Cas- (green) e
ither Hb (upper clone, purple cells) or Cas (lower clone, yellow cexpressing cells and those expressing Cas and Hb, Ubx-
Copyright © 2000 by Academic Press. All rightxpressing cells represent a major independent constituent
f clones derived from CNS NBs. The high percentage of
bx-positive cells most likely represents the perdurance of
bx protein in postmitotic neurons.
We conclude that Ubx is expressed in a major population
f cells in clones derived from thoracic and abdominal NBs.
n order to locate Ubx in vivo expression domains relative
o the expression domains of Hb and Cas, we examined the
asal vs apical extent of Ubx expression in whole embryos
data not shown). The Ubx expression domain overlaps that
f the apicalmost domain expressing Hb and the apicalmost
omain expressing Cas. This confirms our conclusion from
ell culture experiments that Ubx expression overlaps that
f Hb- and Cas-expressing subpopulations derived from
ingle NBs. The high number of Ubx1 cells in Ubx1 clones
indicates a biologically specific function for Ubx1 clones
that probably relates to the particular segments in which
Ubx is expressed.
DISCUSSION
Recent evidence points to multiple factors regulating NB
identity in both the A/P x axis and the D/V y axis of each
euromere (for review see Arendt and Nu¨bler-Jung, 1999).
or example, the Egf receptor, acting on ventral nervous
ystem defective and intermediate neuroblasts defective,
egulates NB identity in the y axis (Skeath, 1998; Udolph et
l., 1998; Yagi et al., 1998), and segmentation genes, includ-
ng engrailed, wingless, and hedgehog (Bhat and Schedl,
1997), regulate NB identity in the x axis. The principle
finding of our study is that built on top of the x and y axis
neural identity systems is an additional temporal network
that defines successive stages of lineage maturation in an
apical/basal z axis. This global CNS network, identified by
the temporal cascade of Hb 3 Pdm 3 Cas NB expression,
ived from single neuroblasts. Shown are two overnight clones
sing cells. A subset of Ubx-expressing cells is found to coexpresss der
xpresmost likely ensures in part that each NB generates a
s of reproduction in any form reserved.
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41Transitions in Neuroblast Gene Expressioncolumn of uniquely specified neuronal subtypes. The
shared transcription factor expression within a given tem-
poral layer also suggests that the cellular constituents of
these expression domains may also have similar patterns of
downstream target gene expression.
Previous work has shown the existence of three neural
layers: a basal Hb-, a middle Pdm-, and an apical Cas-
expressing layer (Kambadur et al., 1998). As demonstrated
in our cell culture experiments and with in vivo marking
experiments, many of the early delaminating S1 and S2 NBs
give rise to cells expressing each of these transcription
factors. We conclude that the cell layers expressing these
factors have their origin in multipotential NBs. Similarly,
during larval neurogenesis, single mushroom body NBs
have been found to generate sequentially at least three
types of morphologically distinct neuron types (Lee et al.,
1999). It has been clear from studies by Bossing et al. (1996),
Schmidt et al. (1997), and Schmid et al. (1999) that embry-
onic NBs have the potential to generate columns of
uniquely specified descendants, with many NBs having the
capability to generate motoneurons, interneurons, and glia.
Our results imply that these columns are subdivided into
transcription factor expression domains along the exterior-
to-interior axis (the z axis).
Gh, which a previous study has shown to be associated
with late NBs (Bray et al., 1989), is shown here to mark the
NB after that NB has generated earlier lineages marked by
Hb, Pdm, and Cas. Gh also marks a late lineage generated
by the Gh1 NB. Thus Gh marks a fourth temporal sublin-
age that develops subsequent to Cas and partially overlaps
as in its distribution.
Other transcription factors such as Ubx are expressed
emporally in NBs and their descendents, but Ubx expres-
ion is not confined to a single one of the three layers
arked by Hb, Pdm, and Cas, but is distributed in all three.
his implies that additional regulatory processes indepen-
ent of the Hb 3 Pdm 3 Cas network regulate the
temporal outgrowth of the CNS.
Does the clonal expansion observed in vitro faithfully
represent that seen in vivo? The number of progeny ob-
served from overnight growth of NBs is similar to that
observed in vivo by Bossing et al. (1996), Schmidt et al.
(1997), and Schmid et al. (1999). Also, the consecutive
appearance of Hb, Pdm, and Cas during neural development
in vivo (Kambadur et al., 1998) is reflected in vitro. Taken
together, we conclude that the dynamics of transcription
factor expression and the final number of progeny in clones
in vitro resemble in vivo NB lineage development.
Our studies on the dynamics of transcription factor
expression during lineage development suggest the follow-
ing model for the origin of the layer sublineages marked by
these transcription factors (Fig. 4). We have presented
evidence for temporal transitions in transcription factor
expression in NBs. As each NB divides, generating a suc-
cession of GMCs, it undergoes multiple transitions in
transcription factor expression. In succession, the NBs
express Hb, Pdm, Cas, and Gh. The first progeny generated
Copyright © 2000 by Academic Press. All rightby the early S1 and S2 NBs express Hb, and the presence of
Hb protein persists in their neural progeny. These early S1
and S2 NBs go on to activate the expression of the Pdms
that, like Hb, persist in neural sublineages generated during
this temporal window. Subsequently Cas is activated in
NBs, represses Pdm transcription, and likewise persists in
neural sublineages. After Cas expression a fourth neural
subpopulation generated by dividing NBs expresses Gh.
This Gh subpopulation most likely represents the terminal
sublineage of the embryonic NB. The data also reveal that
FIG. 4. Transitions in NB transcription factor expression generate
layered sublineages. (A) The model incorporates two contributing
cellular mechanisms for the generation of layered sublineages: a
transition mode, in which NBs change their repertoire of transcrip-
tion factor expression as they produce their lineages, and a descent
mode, in which successively delaminating NBs generate adjacent
formed layers. Prior to NB delamination most if not all neuroecto-
derm cells express the Pdm proteins (green). Immediately after
delamination, early delaminating NBs activate the expression of
Hb (blue). As each NB divides, generating a succession of GMCs, it
undergoes multiple transitions in transcription factor expression.
In succession, the NBs express Hb, Pdm, Cas (red), and Gh (gold),
with each transcription factor persisting in the neural sublineage
generated during each temporal window of NB expression. The Gh
subpopulation most likely represents the terminal sublineage of
the embryonic NB. This model also suggests that not all NBs
generate lineages that occupy all four layers. Most likely, each NB
has a preprogrammed time of delamination, and the timing of
transcription factor transitions is synchronized in a global fashion.
The model further suggests that late delaminating NBs can be
distinguished from early NBs by their inability to activate Hb.
Although Hb is activated shortly after the S1s and S2s have
delaminated, Hb-expressing cells have never been observed in the
proliferative zone during late sublineage development. (B) Lateral
view of a triple-immunostained embryonic stage 14 ventral cord
showing Hb (blue), Pdm-1 (green), and Cas (red) expression domains.not all NBs generate cells that occupy all four layers, a
s of reproduction in any form reserved.
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42 Brody and Odenwaldresult that reflects the unique set of lineages, generated by
each NB (Schmid et al., 1999). Most likely, each NB has a
preprogrammed time of delamination, but the timing of
transitions is synchronized in a global fashion. The model
further suggests that late delaminating NBs can be distin-
guished from early NBs by their inability to activate Hb.
Although Hb is activated shortly after the S1s and S2s have
delaminated, Hb is never seen in the proliferative zone
during late delaminations.
The multiple layers observed in the Drosophila CNS are
generated to a large extent by successive transformations in
individual NBs and not by successive waves of NB delami-
nation. Although Numb is involved in generating alternate
cell fates in the progeny of GMCs, it is unlikely that the
interplay between Numb and Notch (Buescher et al., 1998)
is involved in generating the temporal transitions in tran-
scription factors described in this paper. In no case have we
seen evidence for asymmetric cortical distribution of Hb,
Pdm, or Cas proteins, as occurs for Prospero and Numb
(Shen et al., 1997). Previous experiments indicate that gene
and protein expression is down regulated in NBs as they
undergo transitions and that for cas, transitions in mRNA
expression occur in the NBs and not in the GMC. cas
mRNA appears to be confined to NBs and not distributed to
its GMC progeny (Mellerick et al., 1992; Kambadur et al.,
1998). It is still possible that aspects of the regulation of NB
transitions are regulated by Miranda and Inscuteable, which
are known to function upstream of Numb (Broadus et al.,
1997; Li et al., 1997; Matsuzaki et al., 1998; Shen et al.,
1998; Schuldt et al., 1998). Nevertheless, the transitions in
NBs that we observed appear to be intrinsic properties of
the NB.
What then is the mechanism driving transitions in tran-
scription factor expression in NBs and in their GMC prog-
eny? It has been shown that Hb, Cas, and Pdm are involved
in a regulatory circuit in which Hb and Cas repress Pdm in
a cooperative, nonoverlapping fashion both early and late
within NB lineages (Kambadur et al., 1998). In addition,
Pdm is also required for the proper expression of Cas
(unpublished work of C. Stivers and W. Odenwald). It is
likely, therefore, that this Hb 3 Pdm 3 Cas network is
responsible for temporal transitions in transcription factors,
related to the generation of multiple cellular layers. This
conclusion must be tempered by the observation that less
than 50% of the cells in clones and, by implication, in the
CNS, are positive for even one of these transcription fac-
tors. There must be other factors involved in sublineage
determination related to CNS layering. If the transitions we
observed are not caused by the partitioning of mRNA and
proteins between NBs and their GMC, but by regulatory
interactions within the cells themselves, then there must
be additional mechanisms that are involved in the rapid
disappearance of these molecules. Expression of transcrip-
tion factors restricted to one or two generations of NB
development could be accomplished if these transcription
factors were autoregulatory, repressing their own expres-
sion in NBs and in their progeny.
Copyright © 2000 by Academic Press. All rightBefore we can fully understand the function of this z axis
regulatory network we must identify the full repertoire of
genes controlled by Hb, Pdm, Cas, and Gh and the identity
and function of the cells they mark.
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